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For decades, peripartum cardiomyopathy has remained an enigma. Despite 
extensive research, our understanding of how a previously healthy woman 
can develop lethal heart failure in the context of pregnancy remains vague. 
Recent work suggests that inadequacy of the cardiac microvasculature may 
be the primary abnormality and has implicated an antiangiogenic fragment 
of the nursing hormone prolactin as playing an important role. In this issue 
of the JCI, Halkein et al. explore signaling downstream of this prolactin frag-
ment and demonstrate that miR-146a is a critical mediator of the antiangio-
genic effects in endothelial cells. In addition, the study uncovers unexpected 
exosomal transfer of this microRNA to cardiomyocytes that may affect myo-
cardial metabolism.

Peripartum cardiomyopathy: 
definition of a new syndrome
Reports of heart failure in association with 
pregnancy date back to 1849, but it was 
not until 1971 that the more specific syn-
drome known as peripartum cardiomyopa-
thy (PPCM) was recognized (1). PPCM is 
defined as the development of heart failure 
resulting from systolic dysfunction, with 
onset between one month before and five 
months after childbirth, that cannot be 
attributed to another etiology (2). The inci-
dence of this syndrome has been reported 
as between 1:300 and 1:10,000, the wide 
variation likely reflecting differing suscepti-
bilities among racial groups (in descending 
order of susceptibility: African, Asian, mixed 
European descent, Hispanic). Predispos-
ing factors include multiple pregnancies, 
carriage of more than one fetus, hyperten-
sion, and preeclampsia. While PPCM can be 
lethal, a striking difference compared with 
other dilated cardiomyopathies is that a sig-
nificant percentage of patients recover car-
diac function over months to several years 
(3). Subsequent pregnancies, however, con-
fer increased risk for recurrent disease.

Early studies of pathogenesis
The etiology of PPCM is unknown (4). 
Over the past several decades, involve-
ment of a variety of pathological processes 

has been investigated, including myocar-
ditis, abnormalities of innate and adap-
tive immunity, hormonal imbalances, 
nutritional deficiencies, and mutations 
of genes implicated in other cardiomy-
opathies. While a role for these cannot be 
excluded, the existing data linking them 
to PPCM are largely correlative, preclud-
ing definitive conclusions. Another con-
sideration in pathogenesis is the hemo-
dynamic changes of pregnancy, which 
are characterized by increased plasma 
volume, decreased systemic vascular resis-
tance, and a physiological form of hyper-
trophy. On the one hand, these changes 
are considered compensatory, and they 
substantially precede the typical onset of 
PPCM, raising questions as to their role 
in pathogenesis. On the other hand, our 
knowledge of the factors that maintain 
physiological versus pathological hyper-
trophy is incomplete. Moreover, cardiac-
specific transgenic expression of Gαq, a 
protein that transduces multiple stimuli 
of pathological hypertrophy, elicits a 
PPCM-like syndrome (5). Accordingly, the 
role of hemodynamics in the pathogenesis 
of PPCM remains an open question.

A new paradigm
In the past few years, studies from two 
independent groups made new headway 
in the field, suggesting a radically different 
paradigm for PPCM (6, 7). In this model, 
the vasculature, rather than the heart mus-
cle, is the primary driver of pathogenesis. 
The mechanism involves complex interac-

tions among several tissue compartments, 
including cardiomyocytes, endothelial 
cells, the interstitial space, the anterior 
pituitary gland, and the placenta (Figure 1).  
While important aspects remain to be test-
ed, the general schema appears to explain 
some key features of PPCM.

The first group, led by Hilfiker-Kleiner 
(also a senior author of the current study 
in the JCI; ref. 8), observed that mice with 
cardiomyocyte-specific knockout of the 
transcription factor STAT3 (referred to 
herein as STAT3-CKO mice) manifest a 
syndrome closely resembling PPCM (6). A 
proportion of these mice die of heart fail-
ure within the first 3 weeks after delivery, 
and the death toll continues to rise with 
each subsequent pregnancy. Since STAT3 
promotes the transcription of genes 
encoding antioxidant (e.g., MnSOD) and 
anti–cell death (e.g., BCL-XL) proteins 
(9, 10), an obvious conclusion might be 
that heart failure in postpartum STAT3-
CKO mice is related to cell-autonomous 
effects of STAT3 absence in cardiomyo-
cytes. While this may be part of the story, 
Hilfiker-Kleiner and colleagues made 
the critical observation that postpartum 
STAT3-CKO mice exhibit striking reduc-
tions in myocardial capillary density com-
pared with both postpartum wild-type 
mice and nonpregnant STAT3-CKO mice 
(6). The investigators linked this vascular 
phenotype to PPCM through the hor-
mone prolactin (PRL), which is secreted 
from the anterior pituitary gland. PRL has 
multiple effects in addition to stimulat-
ing milk production, one of which is the 
promotion of angiogenesis (11). However, 
the serum of patients with PPCM con-
tains increased levels of a 16-kDa N-ter-
minal PRL cleavage fragment (16K PRL) 
that is strongly antiangiogenic. The inves-
tigators delineated a pathway in which 
the absence of STAT3 in cardiomyocytes 
decreases the abundance of MnSOD in 
these cells, resulting in the accumula-
tion of ROS and increased expression and 
activity of Cathepsin D, which is secreted 
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from cardiomyocytes into the interstitial 
space, where it cleaves PRL (Figure 1). 
Evidence that decreased capillary density 
is largely responsible for heart failure in 
PPCM is provided by experiments demon-
strating that cardiomyopathy in STAT3-
CKO mice is prevented by treatment with 
bromocriptine, a drug that inhibits PRL 
secretion from the pituitary. This, in turn, 
decreases the concentration of 16K PRL, 
thereby maintaining myocardial capillary 
density.

Using an independent approach, a second 
group, led by Arany, arrived at a similar con-
clusion that insufficient angiogenesis is the 
primary defect in PPCM (7). These investi-
gators were studying the effects of cardio-
myocyte-specific knockout of the transcrip-
tional coactivator PGC1α (PGC1α-CKO 
mice). At baseline, the absence of PGC1α in 
cardiomyocytes is well tolerated because of 
compensation from PGC1β (12). However, 
similar to the STAT3-CKO mice, PGC1α-
CKO mice manifest lethal PPCM accompa-

nied by a paucity of myocardial capillaries. 
In wild-type mice, PGC1α promotes the 
expression of proangiogenic factors (e.g., 
VEGF) in cardiomyocytes that act in a para-
crine manner to promote angiogenesis, and 
PGC1α-CKO hearts contain decreased lev-
els of these proangiogenic factors. Notably, 
in a sizeable proportion of humans with 
PPCM, angiogenic signaling downstream 
of PGC1α is inhibited by soluble FLT1 
(sFLT1), a VEGF inhibitor that is secreted 
from the placenta (Figure 1).

Figure 1
Interactions among multiple tissue compart-
ments collude to cause PPCM. Mice lacking 
the transcription factor STAT3 or the transcrip-
tional coactivator PGC1α in cardiomyocytes 
provide models of PPCM. While absence of 
STAT3 or PGC1α in cardiomyocytes may not 
be inciting events in human PPCM, these 
mouse models have helped to reveal the 
underlying molecular pathogenesis. Absence 
of these proteins results in decreased expres-
sion of the ROS scavenger MnSOD in these 
cells. Decreased MnSOD levels result in 
ROS accumulation, increasing and activating 
Cathepsin D, which is secreted from cardio-
myocytes into the interstitial space. Cathepsin 
D cleaves PRL to generate an antiangiogenic 
16-kDa fragment, 16K PRL. 16K PRL stimu-
lates endothelial cells through an unknown 
mechanism to activate NF-κB, which increas-
es levels of miR-146a. miR-146a decreases 
levels of NRAS, inhibiting angiogenesis. In 
addition, miR-146a transits to cardiomyocytes 
in exosomes to decrease levels of ERBB4, 
resulting in slowed cardiac metabolism. 
VEGF levels are decreased by the absence 
of PGC1α in cardiomyocytes (not shown), 
and VEGF is antagonized by the secretion of 
sFLT1 from the placenta, both mechanisms 
inhibiting angiogenesis. Triggering events in 
human PPCM include generation of 16K PRL 
and increases in miR-146a and sFLT1.
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Mechanisms of action for 16K PRL
In the present study, Halkein et al. (in a 
group led by Struman and Hilfiker-Klein-
er) delved deeper into the mechanisms 
by which 16K PRL promotes PPCM (8). 
Because the antiangiogenic effects of 16K 
PRL are known to be dependent on NF-κB 
(13), the investigators treated endothelial 
cells with 16K PRL and assayed for chang-
es in the abundance of microRNAs known 
to be regulated by NF-κB. The expression 
of miR-146a was found to be induced by 
16K PRL in these cells. Using loss- and 
gain-of-function approaches, miR-146a 
was shown to inhibit proliferation and 
promote death of endothelial cells. These 
antiangiogenic effects were mediated 
through decreases in levels of neuroblasto-
ma RAS viral oncogene homolog (NRAS), 
a newly identified target for this microR-
NA. However, the effects of miR-146a were 
not limited to endothelial cells. Halkein et 
al. also found that exosomes loaded with 
miR-146a transit from endothelial cells 
into cardiomyocytes, which do not express 
this microRNA (8). Within cardiomyo-
cytes, miR-146a decreases the abundance 
of its target, ERBB4, to slow cardiomyo-
cyte metabolism. As predicted, levels of 
miR-146a were increased, while those of 
its targets (NRAS, ERBB4, and others) 
were decreased, in cardiac tissue from 
the STAT3-CKO mouse model of PPCM. 
Treatment of STAT3-CKO mice with 
locked nucleic acid–modified antisense 
oligonucleotides or cholesterol-modified 
antago-miRs to miR-146a ameliorated 
PPCM, but interestingly, these did not 
interfere with lactation, a function of full-
length PRL. Finally, the authors showed 
that patients with PPCM, but not other 
forms of dilated cardiomyopathy, had 
increased levels of miR-146a in serum and 
heart (8). These data indicate that miR-
146a mediates antiangiogenic effects of 
16K PRL in endothelial cells and slowing 
of metabolism in cardiomyocytes. In addi-
tion, this microRNA appears to be a spe-
cific biomarker of PPCM.

Questions and future directions
As with any good research, this work 
opens the door to additional questions. 
Some of these pertain to particulars of 
the pathway. For example, are the effects 
of 16K PRL on endothelial cells mediated 
by a specific receptor? Does the 16K PRL/
miR-146a axis mediate effects on other 
vascular cell types? In addition to influ-
encing quantity of angiogenesis, does this 

system also regulate the quality of the 
vessels? What specific aspects of cardiac 
metabolism are affected by miR-146a? In 
addition, it is unclear how Cathepsin D, 
which cleaves PRL to the 16K PRL form, is 
itself regulated.

More broadly, the overall PPCM para-
digm illustrated in Figure 1 raises some 
larger conceptual questions. The most 
obvious one is why only a small percent-
age of pregnant women develop PPCM. 
The combined work of the two groups of 
investigators identifies triggers, such as 
cleavage of PRL and increases in sFLT1. 
However, what factors at the molecular 
level predispose some women to these 
inciting events? As discussed above, it is 
possible that other poorly understood fac-
tors, ranging from inflammation to hemo-
dynamics, may be involved in conferring 
this susceptibility to disease.

The data discussed herein shine a spot-
light on microvascular insufficiency as 
a cause of cardiomyopathy. While not 
a new concept (14), this is not a mecha-
nism that has traditionally been con-
sidered, except in special cases such as 
diabetic cardiomyopathy (15). One won-
ders whether vascular insufficiency is an 
important factor in the pathogenesis of a 
broad range of cardiomyopathies and, if 
so, what functions — in addition to nutri-
tion — the vasculature serves to promote 
normal cardiac function.

From the perspective of patients with 
PPCM and the physicians who care for 
them, the most exciting aspects of this 
work are its potential implications for 
therapy. Bromocriptine has been tested in 
a limited number of patients with promis-
ing results, but the randomized trials now 
in progress will be required to assess this 
potential therapy. The advantages of a 
treatment that specifically targets the miR-
146a pathway without compromising the 
functions of full-length PRL (e.g., lacta-
tion) are obvious, but multiple issues, such 
as efficacy, must first be assessed.
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